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Abstract 


Geographical,  seasonal,  and  day-to-day  variations  in  the  vertical  dis¬ 
tribution  of  atmospheric  density  for  altitudes  up  to  30  km  are  analyzed. 
Variability  is  least  at  7  to  8  km,  the  laopycnic  level,  where  densities  do 
not  depart  from  the  standard  by  more  than  1  or  2  percent  in  any  season  or 
area.  Between  24  and  26  km,  density  changes  little  with  latitude  but 
markedly  with  season.  At  the  level  of  greatest  seasonal  variability,  around 
15  km,  the  relative  departures  from  standard  of  mean  seasonal  densities 
is  strictly  according  to  latitude.  Largest  negative  departures  occur  at  the 
northernmost  location;  largest  positive,  at  the  southernmost.  The  great¬ 
est  difference  between  the  two  extreme  profiles,  nearly  20  percent,  occurs 
in  winter. 

The  largest  day-to-day  variations  around  monthly  means  occur  near  the 
tropopausc.  Coefficients  of  variation  range  from  approximately  2  pet  cent 
at  Tampa  in  the  summer  to  6  percent  at  St.  Paul  Island  in  the  winter. 

Although  the  correlation  of  density  with  wind  speed  is  significant  statis¬ 
tically,  and  of  theoretical  interest,  it  may  have  little  practical  importance 
in  the  design  of  aerospace  vehicles. 
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Density  Distribution,  Inter-Level  Correlations, 
and  Variation  With  Wind 


1.  INTRODUCTION 

Density  is  a  fundamental  property  of  air,  yet  it  has  not  been  studied  as  inten¬ 
sively  as  two  other  properties  to  which  it  is  intimately  related— temperature  and 
pressure.  The  resulting  lack  of  information  about  atmospheric  density  is  keenly 
felt  by  designers  of  aerospace  equipment  because  their  supersonic  vehicles  are 
affected  more  directly  by  density  Ilian  by  other  atmospheric  attributes  except  wind. 

Geographical,  seasonal,  and  day-to-day  variations  in  the  vertical  distribution 
of  atmospheric  density  and  winds  are  important  meteorological  factors  in  the  design 
and  operation  of  missile  and  bombing  systems.  Changes  in  the  assumed  distribu¬ 
tion  of  atmospheric  density  affect  the  deceleration  and  range  of  free-falling  bombs 
and  ballistic  missiles  which  have  a  high  forward  velocity;  variations  in  wind  affect 
both  range  and  cross  range.  The  relation  between  wind  velocity  and  density  at  the 
various  levels  must  also  be  considered  in  any  investigation  of  their  combined  effect 
on  a  trajectory. 

This  Survey  is  the  ;  u It  of  a  con'irr.tii  g  effort  to  :r  n;:iU,  analyze,  end  present 
information  in  a  form  suitable  for  use  by  designers  of  aerospace  vehicles.  Appendix  I 
contains  tables  of  the  correlation  of  density  at  one  level  with  that  at  another,  by 
months,  for  six  places.  Table  4  presents  the  correlation  of  density  with  wind,  sep¬ 
arately  for  the  wcat-to-east  and  south-to-norlh  components.  Appendix  II  contains 
tables,  by  months,  of  the  multiple  correlation  and  regression  of  density  on  both  wind 
components.  Salient  features  of  the  tabular  information  are  discussed  in  the 
following  sections. 


"Received  for  publication  19  June  1962. 
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1. 1  Previous  Work 


7 

Sissenwine,  et  al  have  presented  a  statistical  method  for  estimating  varia¬ 
tions  in  range  of  ballistic  objects  caused  by  changes  in  atmospheric  density. 
Arrays  of  seasonal  means  and  standard  deviations  of  density,  for  2-km  intervals 
of  altitude  up  to  28  km,  and  coefficients  of  correlation  between  levels,  are  pro¬ 
vided  in  their  report  for  such  use . 

The  mean  effect,  E,  of  atmospheric  density  on  the  range  of  a  missile  can  be 
determined  for  a  specific  location  by  computer  'flights'  through  mean  monthly  or 
seasonal  density  profiles,  given  proper  influence  coefficients,  c^,  for  the  missile 
at  the  various  levels: 

E  =  Sc.Pj  (1) 

where  p\  is  the  mean  monthly  density  at  the  i'th  level.  The  integrated  standard 
deviation  in  range  or  deceleration,  o,  due  to  day-to-day  variations  from  the  mean 
seasonal  or  monthly  density  profiles,  can  be  obtained: 


2 

o=2.  ,c.o.r..c.o. 
i.j  i  i  1J  J  J 


(2) 


where  c^  and  c^  are  influence  coefficients  at  the  i'th  and  j'th  levels,  to  and  o^ 

are  the  standard  deviations  of  density  at  the  two  levels,  and  r. .  is  the  correla- 

1J  i 

tion  coefficient  between  densities  at  the  two  levels.  Earlier,  Court  had  pre¬ 
sented  similar  statistical  arrays  of  the  u  and  v  components  of  the  wind  at  seven 
locations.  Such  wind  data  are  now  available  for  more  than  60  locations.  These 
have  been  used  to  determine  the  integrated  effect,  on  the  range  and  cross  range 
of  bombs  and  missiles,  of  day-to-day  variations  of  wind  from  mean  monthly  or 
seasonal  profiles. 

Only  a  slight  relation  between  Integrated  wind  and  density  profiles  below  12, 

g 

16,  and  24  km  was  found  by  Sprecn,  et  al.  Their  results,  however,  are  not 
applicable  to  investigations  of  the  over-all  effect  of  density  and  wind  on  a  free- 
falling  object  if  the  influence  coefficients,  based  on  the  aerodynamic  character¬ 
istics  and  reentry  angle  of  the  object,  vary  with  altitude.  The  relation  between 
density  and  winds  at  specific  altitudes,  rather  than  through  an  integrated  layer,  is 
required  for  such  an  investigation. 

This  Survey  supplements  and  extends  upward  the  density  data  previously  pro- 

7 

vided,  and  presents  coefficients  of  correlation  between  wind  and  density  at  specific 
levels  for  several  locations. 
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2.  DATA  SOURCES  AND  ACCURACY 

Two  sets  of  tabulations,  originally  prepared  at  different  times  for  different 
purposes,  have  been  used  for  this  study.  They  were  provided  by  the  Data  Pro¬ 
cessing  Division  (Asheville,  N.C.)  of  the  Climatic  Center,  Air  Weather  Service. 
For  only  two  stations,  Washington,  D.  C.  and  Great  Falls,  Montana,  were  both 
density  interlevel  and  density-wind  correlations  available.  Table  1  gives  loca¬ 
tions  of  stations  used  and  periods  of  record  for  each  type  of  correlation. 

The  basic  rawinsonde  observations  were  made  by  use  of  a  variety  of  instru¬ 
ments,  whose  accuracy  increased  with  time.  During  the  10  years  of  the  density- 
wind  stud; ,  1948  through  1957,  most  of  the  stations  progressed  from  the  use  of 
SCR-658  equipment  to  GMD-1A;  consequently,  the  heights  to  which  soundings  were 
made  and  wind  data  acquired  increased  progressively. 

As  higher  soundings  were  obtained,  corrections  for  curvature  of  the  earth 
were  incorporated  into  the  wind  computations,  generally  after  1955.  The  interlevel 
correlations  are  based  on  a  later  3-year  period,  1958  through  1960.  During  this 
period  all  stations  used  GMD-1  equipment,  except  that  Tampa  used  SCR-658  until 
August  1960  and  Washington,  D.C.  changed  to  WBRT-57  in  June  1959.  All  these 
changes  in  equipment,  and  increasing  heights  attained  by  better  balloons,  inevitably 
introduced  some  bias  into  the  tabulations;  but  the  extent  of  this  bias  cannot  be 
evaluated  directly. 

On  eacli  sounding,  densities  (pg/m  )  were  computed  at  the  standard  levels  of 
pressure  (p,  mb)  by  the  standard  formula 

p  =  0.  34838  p/Ty  .  (3) 

The  virtual  temperature  (Tv)  was  obtained  from 

T  »  T/(l  -  0.0379  U  e/p),  (4) 

V  S 

where  T  is  the  absolute  temperature  (K);  U  is  the  relative  humidity;  and  efl  Is  the 
saturation  vapor  pressure  (mb).  Densities  at  2-km  intervals  were  obtained  by 
linear  interpolation  from  those  computed  for  the  individual  pressure  surfaces, 
whoso  heights  had  been  computed  hypsomctrically.  Errors  introduced  by  such  in¬ 
terpolation  arc  negligible  except  at  the  highest  elevations,  where  they  may  be  as 

much  as  0.  5  percent.  Wind  data  had  originally  been  recorded  at  2-km  intervals. 

4 

Johannessen  estimated  the  rms  errors  of  densities  computed  from  GMD-1A 
radiosonde  temperature  and  pressure-height  observations  to  be  0,3  percent  at 
6  km,  0.  5  percent  at  12  km,  0.  7  percent  at  18  km,  0.  9  percent  at  24  km,  and 
1. 2  percent  at  30  km.  Temperature  and  pressure  errors  were  assumed  to  be 
normally  distributed  and  independent  of  each  other.  These  errors  have  little  effect 
on  the  mean  monthly  values  given  in  the  Appendices:  the  rms  error  of  the  mean 
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monthly  value  is  the  rms  error  of  the  individual  observations  divided  by  the  square 
root  of  the  number  of  observations,  assumed  independent.  However,  careful  evalua¬ 
tion  must  be  made  of  their  effect  on  the  coefficients  of  variation  to  determine  how 
much  of  the  variability  indicated  by  the  uncorrected  soundings  is  true. 

Random  observational  errors  tend  to  increase  the  coefficients  of  variability 
about  the  mean  monthly  values,  since  the  observed  mean  square  variation  is  the 
sum  of  the  true  mean  square  variation  and  square  observational  error.  At  30  km 
the  estimated  rms  observational  error  of  1.2  percent  is  greater  than  the  observed 
standard  deviations  of  day-to-day  variability  around  the  mean  summer  values  at 
Washington,  Omaha,  Eitberg,  and  St.  Paul  Island.  This  discrepancy  may  arise 
from  the  assumption  that  temperature  and  pressure  errors  are  independent. 

2. 1  Density  Correlations 

Coefficients  of  correlation  of  density  at  pairs  of  levels,  together  with  monthly 
means  and  standard  deviations,  for  the  surface,  1  km,  and  each  even  kilometer 
level  up  to  at  least  30  km  are  given  in  Appendix  I  hy  months  for  6  of  the  13  locations 
shown  in  Table  1. 

The  period  of  record  on  which  the  data  in  Appendix  I  are  based  is  relatively 
short:  three  years  from  Januarj  1958  to  December  1900.  yet  the  January  and  July 
means  for  this  3~year  period  for  vr  ious  altitudes  up  to  24  km  at  St.  Paul  Island, 
Great  Falls,  and  Tampa  differ  (Table  2)  less  than  1  percent  in  almost  all  cases  from 

7 

the  previous  5-year  means.  With  few  exceptions,  standard  deviations  based  on  the 
3-ycar  sample  differ  (Table  3)  by  less  than  0.  5  percent  from  the  5-year  values. 

2. 2  Wind  and  Density 

Coefficients  of  correlation  of  atmospheric  density  with  the  strength  of  the  zonal 
(west  to  east)  and  meridional  (south  to  north)  components  of  the  wind  for  each  sea¬ 
son,  at  2 -Um  intervals  up  to  24  kin,  are  given  in  Tabl  e  5  for  9  of  the 
13  stations  listed  in  Table  1.  Mean  monthly  values  and  standard  deviations  of  den¬ 
sity  and  u  and  v  components  of  the  wind  at  10,  12,  14,  and  16  km,  the  multiple 
regression  equations  of  density  on  the  wind  components,  and  the  standard  error  of 
estimate  are  given  in  Appendix  II  for  each  location. 


3.  DENSITY  PROFILES 

In  an  isothermal  atmosphere,  density  decreases  exponentially  with  height. 
Deviations  from  such  a  regular  decrease,  caused  by  differences  in  temperature 
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distribution,  are  discussed  in  this  section. 

3. 1  Geographical  Variations 

Variations  in  mean  monthly  density  profiles  with  geographical  location  are 
shown  in  Figure  1  for  the  midseason  months,  as  percent  departures  from  the  U.S. 
Standard  Atmosphere,  1962.  The  most  prominent  features  in  these  figures  are  the 
convergence  of  the  individual  profiles  near  8  and  24  km. 

The  altitude  of  minimum  seasonal  and  geographical  variability  near  8  km  is 
called  the  isopycnic  level.  Mean  monthly  profiles  do  not  depart  by  more  than  1  or 
2  percent  from  the  Standard  at  this  altitude,  regardless  of  season  or  location. 

Most  profiles  cross  the  Standard  at  the  isopycnic  level,  going  from  negative  to 
positive  departures  or  vice  versa.  This  feature  of  the  atmosphere  was  described 

g 

by  Sen  in  one  of  the  first  systematic  investigations  of  atmospheric  density. 

3  2  5  7 

Humphreys,  DoPorto,  Morgan,  Sissenwine,  et  al,  and  others  have  also  dis¬ 
cussed  this  isopycnic  surface. 

The  second  level  of  minimum  geographical  variation  near  24  km,  unlike  the 
isopycnic  level,  tends  to  change  position  with  the  seasons.  Departures  from  standard 
of  the  mean  point  of  converging  profiles  are,  roughly:  -2  percent  in  the  winter, 
nearly  zero  in  spring,  +7  percent  in  summer,  and  +2  percent  again  in  autumn.  The 
convergence  of  mean  seasonal  density  profiles  near  24  km  was  mentioned  by 
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Sissenwine,  et  al,  but  the  sparse  data  then  available  prevented  any  firm  conclusion 
regarding  its  actual  existence.  The  data  of  Figure  1  clearly  indicated  that  the  den¬ 
sity  near  24  to  26  km  varies  little  geographically  but  markedly  with  season. 

Figure  1  shows  that  the  density  profiles  for  Tampa  and  St.  Paul  Island  form  an 
envelope  for  the  other  four  profiles.  At  the  level  of  maximum  variability,  around 
15  km,  in  all  four  midseason  months  the  relative  order  of  the  six  profiles  is  the 
same;  that  is,  strictly  according  to  latitude.  The  largest  negative  deviations  from 
Standard  are  at  the  northernmost  station  (St.  PruI);  the  largest  positive  departures 
are  at  the  southernmost  station  (Tampa).  The  greatest  difference  between  these  two 
profiles,  almost  20  percent, occurs  near  16  km  in  winter. 


3. 2  Seasonal  Variation 

Mean  density  profiles  to  30  km  for  the  midseason  months  at  each  of  the  six  Iocs 
tions  are  shown  in  Figure  2.  The  stations  are  arranged  by  latitude:  the  three  north¬ 
ern  ones  are  on  the  left;  the  southern  ones  are  on  the  right. 

Seasonal  variation  is  least  at  the  isopycnic  level  (approximately  8  km)  and  is 
greatest  above  it  at  between  12  and  16  km,  ranging  from  approximately  5  percent 
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at  Tampa  to  >3  percent  at  Washington.  The  variability  decreases  slightly  above 
16  km,  reaching  another  minimum  between  20  and  26  km  and  then  increases 
gradually  above  this  level. 

The  largest  seasonal  variations  in  the  mean  profiles  occur  at  the  mid-latitude 
stations  (Washington,  Omaha,  Great  Falls,  and  Bitberg)  where  the  entire  shape  of 
the  profile  changes  with  season.  Little  seasonal  difference  is  shown  in  the  shape  of 
the  Tampa  profiles,  and  at  St.  Paul  Island  only  the  July  profile  differs  from  the 
others. 


4.  INTER.- DIURNAL  VARIABILITY 

The  day-to-day  variability  of  density  of  each  level  around  mean  monthly  values 
is  given  for  each  altitude  and  station  in  Appendix  I  in  terms  of  the  coefficients  of 
variation  (100  X  SD/mean).  January  and  July  values  are  plotted  versus  altitude  in 
Figure  3.  The  stations  are  arranged  from  south  to  north. 

The  largest  coefficients  of  variation  occur  at  approximately  the  altitude  of  the 
tropopause,  which  occurs  at  16  km  at  Tampa  and  at  12  km  in  winter  and  14  km  in 
summer  at  Washington,  Omaha,  and  Great  Falls.  At  Bitberg  (51°N)  the  level  of 
maximum  variability  appears  to  remain  constant  throughout  the  year,  but  presumably 
would  be  shown  to  vary  somewhat  if  data  were  available  for  altitude  increments  of 
0,  5  of  1  km  rather  than  2  km.  A  seasonal  variation  occurs  at  St.  Paul  Island  (57°N). 

The  level  of  least  lnter*diurnal  variability,  where  the  coefficients  of  variation 
do  not  exceed  1.  5  percent,  occurs  in  the  vicinity  of  the  isopycnic  level  near  8  km. 

A  second  level  of  small  yariability  exists  between  22  and  26  km.  This  is  also  a 
region  of  little  geographical  variability. 

At  the  levels  of  maximum  variability  in  subtropical,  mid-latitude  and  subarctic 
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locations,  Sissenwine,  et  al  found  that  the  percentage  of  daily  density  observations 
within  one  standard  deviation  of  the  mean  was,  on  the  average,  slightly  higher  than 
that  for  a  Gaussian  distribution  (Table  4). 

Sissenwlne's  investigation  indicates  that  by  assuming  density  to  have  Gaussian 
distribution  at  all  levels  in  computing  [by  Kq.  (1)]  the  variation  in  range  of  a  free- 
falling  object  which  is  exceeded  50  percent  of  the  time  causes  an  error  of  less  than 
15  percent,  generally  less  tnan  10  percent.  Extreme  errors  yield  larger  varia¬ 
tions  in  range  than  will  actually  be  experienced — a  conservative  design  error. 


5.  INTER-LEVEL  CORRELATIONS 

A  very  interesting  feature  of  the  intprlpvel  density  correlations  (Appendix  I)  is 
the  negative  relationship  between  densities  at  levels  above  and  below  the  isopycnic 


Table  2.  Percentage  Departure  of  3-Year  Means  (1958-60) 
From  5-Year  Means  (1952-57) 


Altitude 

(km) 

St. 

Jan 

Paul 

Jul 

Great  Falls 

Jan  Jul 

Washington 

Jan  Jul 

Tampa 

Jan  Jul 

4 

-0.2 

+0.  5 

-0.  2 

+0.3 

0.  0 

0.0 

0.0 

-1.3 

8 

-0.8 

0.0 

+0.  2 

+0.  6 

-0.4 

0.0 

-0.6 

0.0 

12 

-2.1 

-1.  3 

+2.  0 

+0.  3 

0.  0 

-1.5 

-0.  3 

0.0 

18 

-1.3 

-1.2 

+0.  6 

-0.6 

-0.6 

-0.  5 

-0.  5 

0.  0 

20 

-0.  7 

-0.6 

+0.  5 

+0.  2 

-0.  7 

+  0.  2 

-1.  1 

0.0 

24 

+0.  4 

-0.2 

+0.  4 

+0.6 

-0.7 

+0.  2 

0.0 

-2.0 

Table  3.  Differences  in  Coefficients  of  Variation  of  Density 
(1958-60  Minus  1952-57) 


Altitude 

St. 

Paul 

Great  Falls 

Washington 

Tampa 

(km) 

Jan 

Jul 

Jan 

Jul 

Jan  Jul 

Jan 

Jul 

4 

+0.  01 

-0.  12 

+0,  26 

-0.  06 

+0.02  -0.09 

+0.  22 

+0.05 

8 

-0.  39 

-0.  14 

-0.  03 

-0.  13 

+0.10  -0.01 

+0.  16 

-0.03 

12 

-1.47 

+0.  49 

+0.  85 

-0.  09 

-0.03  -0.33 

-0.  20 

0.  00 

16 

+0.49 

-0.41 

+0.  05 

-0.  21 

-0.12  -0.32 

+1.08 

+0.  19 

20 

-0. 15 

-0.01 

-0.39 

-0.  09 

-0.08  -0.34 

-0.39 

-0.  07 

24 

+1.30 

-0. 18 

-0.36 

-0.21 

+0.08  -0.35 

-0.44 

-0.24 

Table  4.  Characteristics  of  Frequency  Distributions  of  Den¬ 
sity  at  Altitude  of  Greatest  Variability  in  January  and  July 
(From  Sissenwine  etal' ) 


Altitude  of  Max  Variability  Mean  Density  Std  Dev  Percentwithin 

(km)  (g/m3)  (g/m3)  1  Std  Dev.2  Std  Dev 


Jan 

Jul 

Jan 

Jul 

Jan 

Jul 

Jan 

Jul 

Jan 

Jul 

Tampa 

12 

16 

328. 

6 

100. 

6 

8.4 

2.7 

75 

79 

93 

96 

Great  Falls 

12 

14 

295. 

7 

242. 

9 

11.6 

8.  3 

68 

67 

95 

99 

St.  Paul 

12 

12 

287. 

0 

311. 

1 

17.  5 

13.7 

68 

63 

94 

99 

level.  When  density  near  the  surface  is  above  normal,  pressure  decreases  more 
rapidly  than  usual  with  altitude,  resulting  in  lower  pressures  and  densities  above 
8  kin.  This  compensating  effect  allows  surface  pressure  to  remain  relatively  con¬ 
stant  even  though  large  variations  in  density  that  occur  at  individual  levels  above 
or  below  are  much  smaller  than  between  levels  removed  from  this  altitude  interval. 

The  manner  in  which  the  correlation  between  the  density  at  two  levels  decreases 
(or  decays')  with  increasing  separation  between  the  levels  is  an  example  of  the  gen¬ 
eral  problem  of  correlation  decay.  Similar  correlation  decay  is  found  for  most 
climatic  elements  — wind  speed,  temperature,  precipitation,  pressure  —  as  the 
horizontal  or  vertical  distance  between  the  points  of  observation,  or  time  between 
observations,  increases.  As  yet,  no  fully  satisfactory  description  of  the  decay 
rate,  based  on  fundamental  properties  or  assumptions,  is  available.  Consequently 
many  empirical  formulas,  valid  for  specific  elements  over  restricted  ranges,  have 
been  proposed. 

7 

Sissenwine  et  al  found  that  the  correlation  between  the  density  at  12  km  and 
that  at  14,  16,  18,  20,  22,  and  24  km  could  be  approximated  by  r^  =  c  ,  where  h 
is  the  separation  (km)  and  the  constant  c  is  somewhat  Icbs  than  unity.  This  formula 
is  a  special  case  of  the  general  exponential  decay  rule  that  is  used  in  many  other 
applications,  r^  =  ejp(-ah),  with  c  =  exp(-a)  or  a  =  -  loggc. 

Coefficients  of  correlation  between  density  at  12  km  and  those  at  levels  up  to 
24  km  are  plotted  in  Figure  4  for  January  and  July  at  each  station.  In  January 
(upper  part  of  Figure  4)  the  decay  in  correlations  at  St.  Paul  Island  and  Bitburg  is 
approximated  reasonably  well  between  12  and  24  km  by  an  exponential  formula  with 
a=  0.  05.  Except  for  Tampa,  the  decays  in  correlation  at  the  other  stations  follow 
this  same-  formula  for  the  first  6  km  but  deviate  widely  from  it  at  separations 
greater  than  (i  km. 

In  July  (lower  part  of  Figure  4)  the  decay  in  correlations  at  Bitburg  and  St.  Paul 
Island  is  reasonably  well  represented  by  an  exponential  formula  with  a*  0.  08,  but 
the  correlation  decays  at  the  other  stations  are  not  exponential. 

For  the  region  above  12  km,  which  is  always  above  the  isopycnic  level,  correla¬ 
tion  decay  with  layer  separation  is  generally  slower  in  winter  than  in  summer,  and 
slower  at  northern  stations  than  at  southern  ones  (Figure  4). 

At  separations  of  2  to  G  km  the  rate  of  correlation  decay  decreases  strictly 
with  increasing  latitude  in  both  January  and  July.  It  is  least  at  St.  Paul  and  greatest 
at  Tampa — where  the  12  to  10-km  correlation  in  July  is  indicated  as  slightly ne gative. 
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6.  DENSITY-WIND  CORRELATIONS 
6. 1  Magnitude 

The  correlation  of  atmospheric  density  with  strength  of  zonal  (u)  and  merid¬ 
ional  (v)  components  of  the  wind,  separately,  is  not  very  high  at  any  level  (0.  5  to 
24  km)  investigated.  (See  Table  5.)  The  largest  is  -0.  69  with  the  24-km  west-to- 
east  wind  at  Columbia,  Missouri  in  autumn.  Only  two  others  are  as  high  as  0.  60 
and  both  are  at  Cape  Canaveral.  Thus  no  more  than  40  percent  of  the  variability 
of  density  can  be  explained  by  linear  regression  on  meridional  or  zonal  advection. 

Correlations  of  density  with  south-tc-north  air  movements  are  generally 
negative  at  all  levels  up  to  24  km.  This  implies  that  winds  from  the  north  bring 
air  with  somewhat  higher  than  average  density  and  those  from  the  south  bring  air 
of  lower  than  average  density.  Correlations  range  from  +0.22  (at  6  km  over  Santa 
Maria  in  summer)  to  -0.  67  (at  0.  5  km  over  Cape  Canaveral  in  winter). 

Above  16  km,  correlations  of  density  with  west-to-east  air  movement  are  very 
slight  or  negative  al  all  seasons;  only  over  Thule  in  winter  is  air  from  the  east 
associated  with  higher  than  average  density.  Below  16  km,  variations  in  the  west- 
to-east  wind  have  different  effects  on  density,  depending  on  season  and  location. 


6.2  Advection 

In  the  section  on  interlevel  density  correlations,  the  negative  correlations  be¬ 
tween  densities  at  levels  above  and  below  8  km  have  been  discussed.  As  density 
increases  below  8  km,  pressure  decreases  more  rapidly  with  height;  this  results 
In  lower  pressures  and  densities  above  8  km.  Consequently  cold-air  advection, 
accompanied  by  higher  densities  in  the  lower  levels,  tends  to  decrease  densities  at 
levels  above  8  km.  Because  of  this  compensating  effect  in  the  atmosphere,  high 
correlations  would  not  be  expected  between  wind  and  densities  at  altitudes  above 
8  km  or  at  altitudes  near  the  8-km  isopycnic  level,  where  density  remains  relatively 
constant.  Correlations  between  wind  and  density  should  be  greatest  near  the  sur¬ 
face,  where  pressure  remains  relatively  constant,  and  at  locations  where  a  specific 
wind  direction  is  directly  associated  with  warm  or  cold-air  advection. 

Correlation  coefficients  of  density  with  the  south-to-north  wind  component  are 
relatively  high  for  altitudes  up  to  2  km  at  four  inland  stations  (Wiesbaden,  Columbia, 
Great  Falls,  and  Washington)  where  northerly  winds  are  normally  associated  with 
coid-air  advection.  The  cumulative  percentage  distributions  of  the  correlation  at 
various  levels  for  all  four  stations  and  seasons  combined  are  as  follows; 
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Table  5.  Correlation  of  Atmospheric  Density  with  Strength  of  Weat-to-East  (u)  and 
South-to-North  (v)  Components  of  Wind  at  Various  Levels  over  Nine  Stations,  1948- 
1957*,  by  Seasons. 

In  each  Seaion  column,  correlation  (decimal  point  omitted)  ol  denelty  with  zonal  wind  (posi¬ 
tive  toward  eaat)  firat  figure,  with  meridional  wind  (poiitive  toward  north)  aecond  figure  . 


Shemya,  Aleutian  Islands 

Thule,  Greenland 

Wiesbaden, 

Germany 

Winter 

Spring 

Summer 

Autumn 

Winter 

Spring  Summer 

Autumn 

Winter 

Spring  Summer 

Autumn 

KM 

r  r 

r  r 

r  r 

r  r 

r  r 

r  r 

r  r 

r  r 

r  r 

r  r 

r  r 

r  r 

fill  |)V 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

24 

-42  +11 

-33  +19 

+18  -15 

-36  -35 

+  22  -22 

-28  -11 

-19  -08 

-46  -01 

-39  -07 

-58  -01 

+04-00 

-59  +12 

22 

-44  -12 

-27  +03 

+00  -23 

-30  -27 

+34  -27 

-27  -07 

-18  -03 

-38  +04 

-40  -04 

-51  -09 

-04  -08 

-56+12 

20 

-39  -14 

-15  -15 

-02  -10 

-22  -35 

+34  -29 

-21  -11 

-13  +01 

-23  +04 

-36  -07 

-45  -10 

-09-11 

-45+10 

18 

-37  -08 

-04  -11 

+  12  -07 

-17  -41 

+31  -26 

-15  -16 

-10  -02 

-05  1  08 

-22  -12 

-32  -17 

-11  -24 

-29  t  03 

16 

-30  f01 

-07  +03 

+25  -04 

-07  -31 

+22  -20 

-08  -15 

-06  -05 

+  11  +05 

-11  -12 

-22  -es 

+05  -22 

-17  -04 

14 

-20  404 

-02-10 

+24  -02 

+05  -33 

+22  -03 

+03  -15 

-00  -14 

+20  +01 

+01  -15 

-13  -10 

+06  -23 

-09  -08 

12 

-05  +14 

+  15  -10 

+22  -01 

♦  18  -23 

+31  +04 

+  15  -15 

+  08  -21 

+30  +05 

♦03  -17 

-05  -08 

-01  -18 

-05  -07 

10 

+02  +06 

+05  -09 

+06  -14 

+  04  -21 

+28  +10 

+  17  -08 

♦07  -10 

+  25  +04 

-02  -09 

-15  -04 

-21  -08 

-09  +03 

8 

+05  -02 

-05  -19 

-06  -24 

♦  05  -28 

+22  +06 

+07 -05 

+03  -09 

+08  -05 

-27  +06 

-37  -11 

-35  -14 

-33  +02 

6 

+  19  -06 

+03  -17 

-15  -16 

♦  16  -18 

♦21  -09 

♦07 -19 

-05  -00 

-01  -16 

-39  -04 

-27  -21 

-18  -09 

-26  -12 

4 

+38  -12 

+  15  -08 

-14  -18 

+  21  -15 

+16  -07 

♦  07  -08 

-07+13 

+05  -04 

-33  -27 

-20  -30 

-07  -17 

-15  -22 

2 

+32  -17 

♦17  -18 

-15  -27 

+  19  -19 

+07  +10 

+05+08 

-07  +21 

+  10  +03 

-41  -35 

-15  -44 

+11-34 

-10  -40 

0.  5 

+  10  -05 

+02  -07 

-19  -16 

+04  -12 

+  14  -01 

+07  +01 

+  10  +05 

+20  -16 

-56  -39 

-06  -29 

♦18  -24 

-12  -19 

Tateoeh,  Washington 

Great  Falls,  Montana 

Washingt 

on,  D.  C. 

Winter 

Spring 

Summer 

Autumn 

Winter 

Spring 

Summer 

Autumn 

Wlntor 

Spring 

Summer 

Autumn 

Km 

r  r 

r  r 

r  r 

r  r 

r  r 

r  r 

r  r 

r  r 

r  r 

r  ..  r 

r  r 

r  r 

p»l  pv 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

24 

-47  -01 

-42  -06 

-02  -03 

-31  -06 

+  00  -24 

-31  +04 

-06  -08 

-34  +17 

.39  -10 

-56  -12 

-33  -09 

-61  -10 

22 

-05  -15 

-37  -01 

-06  -15 

-10  -00 

-19  -19 

-39  +20 

-11  +08 

-37  +02 

-lb  -23 

-47  -16 

-31  -03 

-54  -16 

20 

-07  -02 

-28  +03 

♦01  -16 

-25  +01 

-17  -20 

-39+12 

-06  -09 

-34  -18 

-14  -14 

-38  -24 

-31  -09 

-58  -25 

16 

+  10+02 

-18  -U2 

+  13  -18 

-20  -04 

-16  -15 

-40  +01 

+11  -01 

-18  -23 

+10  -11 

-32  -27 

-29  -15 

-44  -27 

16 

+  12  +02 

-11  +00 

+29  -12 

-10  -03 

-18  -27 

-25  -03 

+23  -05 

-08  -19 

+24  -12 

-25  -24 

-27  -09 

-31  -32 

14 

♦  13  -04 

-03  +00 

+30  -08 

-12  -05 

-03  -32 

-19  -05 

+32  -07 

+02  -18 

+32  -15 

-17  -23 

-25  08 

-18  -23 

12 

♦  12  -06 

+  11  -02 

+  21  -08 

-10  -03 

+09  -32 

-03  -07 

+24  -12 

+01  -14 

+26  -10 

-15  -19 

-31  -10 

-19  -30 

10 

+04  -06 

♦02  -01 

♦  01  -02 

-19  -02 

+  05  -22 

-14  -04 

-07  -18 

-15  -06 

+08  -11 

-20  -20 

-36  -21 

-32  -39 

a 

-10  -05 

-14  -02 

-29  -06 

-36  -00 

-27  -07 

-12  -10 

-16  -14 

-31  -03 

-2*  -28 

-32  -34 

-22  -19 

-29  -38 

6 

-24  -01 

-09  -07 

-25  +04 

-02  -02 

-28  -00 

♦  15  -23 

-06  -13 

-15-13 

-24  .29 

-08  -27 

•  14  -13 

-05  -17 

4 

-18  -20 

+05  .17 

-09  +05 

+  13  -17 

-35  -19 

♦  13  -38 

♦  04  -36 

.10  -32 

.12  .31 

♦01  -27 

-12  -10 

+09  -07 

2 

-14  -41 

+  24  -19 

+  18  +11 

+24  -14 

-55  -35 

-03  -29 

+09  -26 

-10  -30 

-13  -45 

+02  -37 

-26  -18 

+09  -23 

0.5 

-24  -46 

+  17  -10 

+32  +02 

+09-11 

•  24  -40 

-07  -33 

-41  -15 

+00  -30 

Santa  Maria, 

California 

Columbia, 

i  Miasourl 

Capo 

Canaveral,  Florida 

Winter 

Spring 

Summer 

Autumn 

W  inter 

Spring  , 

Summer 

Autumn 

Winter 

Spring  Summer 

Autumn 

Km 

r  r 

r  r 

r  t 

r  r 

r  r 

r  r 

r  r 

r  r 

r  r 

r  r- 

r  r 

r  r 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

pu  pv 

gu  pv 

pu  pv 

pu  pv 

pu  pv 

24 

-27  -55 

-48  -17 

-33  +09 

-57  +08 

-31  -40 

-59  -12 

-48  -06 

-69  -40 

-25  -04 

-26  -07 

-21 -07 

-57  -06 

22 

-15  -28 

-24  -01 

-17  +06 

-43  -02 

-20  -21 

-50  -07 

-40  -07 

-55  -14 

-32  +00 

-30  -08 

-22  -09 

-60  +01 

20 

-15  -26 

-20-12 

-18  +01 

-40  -09 

-10  +00 

-46  +08 

-33  +00 

-48  +04 

-29  -01 

-17  -11 

-10  -10 

-50  -17 

18 

-14  -19 

-25  -21 

-27  +03 

-35  -05 

+01  -01 

-39  +13 

-28  +04 

-34  +09 

-24  +01 

-19  -04 

-15  -09 

-40  -16 

16 

-09  -14 

-16  -18 

-40+10 

-30  +08 

+11  -05 

-29  +01 

-33  +03 

-18  +09 

-35  -06 

-28  -05 

-26  +03 

-57-11 

14 

-01  -09 

-06  -22 

-33  +06 

-10  +09 

+  19  -10 

-21  -01 

-26  +06 

-06  +04 

-29  -17 

-24  -07 

-22  -06 

•47  -03 

12 

-01  -05 

-05  -18 

-26  -14 

-07  -05 

+16  -15 

-16  +02 

-30  -02 

-14  +04 

-34  -23 

-39  -05 

-30  -06 

-45  -15 

10 

-14  -03 

-12  -05 

-15  -16 

-20  -09 

-02  -10 

-20  -08 

-27  -23 

-34  -06 

-58  -31 

-46  -16 

-23  -04 

-16  -85 

8 

-33  -07 

-19  -02 

-11  +03 

-33  -11 

-28  -23 

-19  -26 

-12  -27 

-32  -14 

-53  -25 

-29  -18 

-13  -00 

+09  -31 

6 

-27  -03 

-18  +07 

-15  f  22 

-21  -02 

-17  -29 

+06  -34 

-03  -17 

+01  -17 

-30  -26 

-15  -15 

-10  +06 

+09  -23 

4 

-01  +00 

+  10  +05 

1 09  ill 

+01  -09 

-08  -39 

+  15  -43 

•  10  -14 

+  17  -28 

-15  -23 

-08-17 

-07  +12 

+02  -18 

2 

+20  -09 

+  34  -09 

+23  -13 

+24  -21 

-19  -50 

-01  -56 

-39  -33 

+05  -54 

-21  -28 

-10  -31 

-19  +08 

+06  -31 

0.5 

+08  -16 

+  16  -04 

+04  +23 

+  11  -01 

-18  -50 

+00  -49 

-24  -41 

+  10  -42 

r00  -67 

•01  -43 

.21<W5 

♦44  -19 

^Omitting  Jul  1949  to  Dec  1950  and  Jul  1954  to  Dec  1957  at  Sheniya;  Oct-Dec  1957  at  Thule;  May  1950,  Feb -Aug,  Oct- 
Nov  1951,  and  Feb,  Mar,  Jun  1952  at  Wiesbaden;  Jan  1948  at  c*veat  Falls;  1948-1949,  Jan  1950,  and  Nov-Dee  1957 
at  Cape  Canaveral. 
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LEVEL  (km) 


R 

0.  5 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

22 

24 

<  0.  20 

17 

6 

31 

63 

63 

69 

88 

75 

75 

75 

81 

81 

81 

<  0.  30 

33 

25 

56 

94 

88 

94 

88 

94 

94 

100 

100 

100 

88 

<  0.  40 

58 

63 

94 

100 

100 

100 

100 

100 

100 

88 

<  0.  50 

92 

81 

100 

100 

<  0.  60 

100 

100 

These  data  indicate  higher  correlations  of  density  with  the  south-to-north  wind 
component  near  the  surface.  At  these  four  inland  stations  67  percent  are  0.  30  or 
greater  at  0.  5  km  compared  to  12  percent  at  12  km — the  level  of  maximum  inter- 
diurnal  density  variability.  The  relationship  at  the  other  five  stations,  all  coastal 
locations,  changes  with  season  and  is  generally  weaker. 


6. 3  Significance 

Monthly  means  and  standard  deviations  of  the  wind  components  and  the  density 
are  given  in  Appendix  II  which  also  gives  multiple  regression  equations  and  correla- 

3 

tions  of  air  density  (g/m  )  on  west-to-east  (u)  and  south-to-north  (v)  wind  (kt)  for 
the  10-  and  12-km  levels.  These  data  permit  examination  of  the  difference  between 
the  distribution  of  wind  force  at  a  given  level,  obtained  by  using  the  derived  rela¬ 
tionships,  and  that  obtained  by  assuming  independence  between  wind  and  density. 

Over  Cape  Canaveral,  winds  are  strongest  at  12  km  in  January.  Means  and 
standard  deviations  (kt)  of  the  two  components  are: 

u  =  65,8,  su  "  35.8;  v  =  -3.0,  sy  =  30.  n. 

3 

The  multiple  regression  of  density  (in  g/m  )  on  these  components  is 
p  =  334  -  0.084u  -  0.053v 

with  multiple  correlation  of  0.  37,  standard  error  of  estimate  6.  4,  compared  to 
p  =  320,  sp  =  0.1,  Thus  the  average  density  that  would  accompany  a  west  wind  of 
173  kt,  three  standard  deviations  greater  than  the  monthly  mean,  if  the  Bouth-to- 
north  wind  were  exactly  average  (3.  0  kt  from  the  south),  would  be: 

334  -(0.  084  X  173)  -  0.  053  X  -  3.  0  =  320  g/m3. 

This  is  only  about  one  standard  deviation  less  than  the  over-all  mean  density  of  328. 

This  lower  density  (320)  would  result  in  a  wind  force,  for  a  12-km  wind  of  173  kt 
(u  =  173,  v  =  -3),  only  2,  4  percent  less  than  the  force  that  would  be  computed  in  dis¬ 
regard  of  Ihe  correlation  of  -0.  34  heiween  density  and  west  wind,  that  is,  multiply¬ 
ing  the  mean  density  (328)  by  the  square  of  the  wind  speed.  Thus  the  correlation 
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of  wind  speed  and  density  is  of  minor  importance  in  problems  involving  wind  effects 
primarily;  however,  where  density  itself  is  important,  as  in  the  deceleration  of 
reentry  vehicles,  the  rather  slight  correlation  may  require  consideration. 


7.  CONCLUSIONS 

a.  The  statistical  arrays  of  monthly  means,  standard  deviations,  and  inter¬ 
level  correlations  of  atmospheric  density  presented  in  Appendix  I  will  enable 
designers  to  investigate  the  effect,  on  the  range  of  a  free-falling  body,  of  seasonal, 
latitudinal,  and  day-to-day  variations  in  density  profiles  from  the  surface  to  30  km. 
Errors  in  the  computation  of  variations  in  range,  exceeded  50  percent  of  the  time, 
by  assuming  a  Gaussian  distribution  of  density,  are  generally  less  than  10  percent 
and  seldom  as  much  as  15  percent. 

b.  Below  30  km,  density  varies  least  near  8  km  (the  isopycnic  surface)  and 
between  24  and  26  km.  Seasonal,  geographical,  and  inter-diurnal  variability  is 
greatest  near  the  tropopause  between  12  and  16  km.  A  second  but  lesB -pronounced 
maximum  occurs  above  28  km. 

c.  The  density  at  levels  below  8  km  is  negatively  correlated  with  the  density 
at  altitudes  above  this  level. 

d.  Density  has  some  correlation  with  wind  speed  and  direction  at  various  heights 
over  some  locations.  The  relationship  is  strongest  and  mo3t  consistent  below  2  km 
and  at  inland  stations.  The  low  correlations  at  other  levels  are  still  significant 
statistically  and  of  theoretical  importance.  Although  they  may  be  of  little  practical 
importance  in  the  design  of  aerospace  vehicles  which  are  primarily  affected  by  air 
motions  (wind),  they  should  be  considered  for  those  applications  where  density  Itself 
is  important,  as  in  vehicle  deceleration. 


Appendix  I 


Means,  standard  deviations,  coefficients 
of  variation,  and  interlevel  correlations 
of  atmospheric  density,  by  months,  at 
each  of  six  stations  (arranged  in  order  of 
decreasing  latitude). 
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Appendix  II 


Multiple  regression  constants,  coefficients, 
and  correlations  of  atmospheric  density  on 
two  wind  components,  by  months  and  seasons, 
at  the  10,  12,  14,  and  16-km  levels,  over 
each  of  nine  stations  (arranged  in  order  of 
decreasing  latitude). 
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Regression  of  air  density  (p,  g/m3),  pea+bu+ov, 
on  west-east  (u)  and  south-north  (v)  wind  speeds  (knots) t 
with  means  (p,  u,  t) ,  standard  deviations  (ep,  s^,  a^) , 
and  number  (H)  of  observations. 


THOLE.  0RSEN1AND,  JAN  1946  -  IP  1937 
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Ragraaaion  of  Air  daneity  (p,  %/*),  p«a+bu+or, 
OB  waat-aast  (u)  and  soutn-north  (?)  wind  apaads  (knots), 
with  naans  (p,  u,  v),  standard  daviation.a  (up,  au,  a^), 
and  nuaibar  (N)  of  obierTations. 


THULE.  GHBBNLAND,  JAM  1948  -  SEP  1957 
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Regression  of  air  density  (p,  g/m  ),  p*a+bu+ov, 
on  vest-east  (u)  and  south-north  (v)  wind  speeds  (knots), 
with  means  (p,  u,  v),  standard  deviations  (sp,  s^,  s^), 
and  number  (N)  of  observations. 


SHBMIA  ISLAND,  ALASKA,  JAR  1948  -  JTIN  1949,  JAH  1949  -  JTO  1954 
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Regression  of  sir  density  (p.  g/a  ),  p«a+bu+ov, 
on  west-east  (u)  end  south-north  (v)  wind  speeds  (knots), 
with  as an s  (p,  u,  v),  standard  deviations  (ep,  su>  s^), 
and  nuaher  (N)  of  observations. 
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Regression  of  air  density  (p,  g/m  ),  p+a+bu+ev, 
on  west-cast  (u)  and  south-north  (v)  wind  speeds  (knots), 
with  naans  (p,  u,  v),  standard  deviations  (sp,  su,  s^), 
and  number  00  of  observations, 

WIES  BADER,  GERMANY,  948  -  JAR  1951,  SEP,  DEO  1951,  JAN,  APR, 
MAT,  JDL  1952  -  DEC  3  ,  Less  HAi  1950 _ 
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Regression  of  sir  density  (p,  g/m3),  p=a+bu+ov, 
on  west-east  (u)  and  south-north  (v)  wind  speeds  (knots), 
with  means  (p,  u,  v),  standard  deviations  (ap,  au,  sv), 
and  number  (N)  of  observations. 

WIESBADEN,  GERMANY,  JAN  1948  -  JAN  1951,  SEP,  DEC  1951,  JAN,  APR, 
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a 

Regression  of  air  density  (p.  g/a  ),  p°a  +  bu*cvt 
on  west-east  (u)  and  south-north  Ct)  wind  speeds  (knots), 
with  means  (p,  u,  v),  standard  deviations  (ep,  su>  bt), 
and  number  00  of  observations. 
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a 

Regression  of  air  density  (p,  g/a  ),  p  =  a  +  bu  +  cv, 
on  west-east  (u)  and  south-north  (?)  wind  speeds  (knots), 
with  aeans  (p,  u,  v),  standard  deviations  (ep,  su,  ay), 
and  nusbsr  (N)  of  observations. 
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with  means  (p,  u,  ▼),  standard  deviations  (sp,  sq<  a^) , 
and  number  (N)  of  observations. 
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Regression  of  sir  density  (p,  g/a  ) ,  p«a+bu+cv, 
on  west-esst  (u)  end  south-north  (v)  wind  speeds  (knots), 
with  msAne  (p,  u,  ▼),  standard  deviations  (sp,  s^,  o^), 
and  number  (N)  of  observations. 
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Regression  of  air  density  (p,  g/n  ),  paa+bu+cv, 
on  west-east  (u)  and  south-north  (v)  wind  speeds  (knots), 
with  aeans  ( p ,  u,  ?),  standard  deviations  (ap,  su,  s^), 
and  nuoher  (N)  of  observations. 
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Regression  of  air  density  (p,  g/o3),  p*a+bu+cv, 
on  west-east  (u)  and  south-north  (v)  wind  speeds  (knots), 
with  means  (p,  u,  v),  standard  deviations  (e.,  o^,  s^), 
and  number  (N)  of  observations. 
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Regreseion  of  air  dsnsity  (p,  g/m  ),p=a+bu+ov,  j 

on  west-east  (u)  and  south-north  (v)  wind  epeede  (knots),  ! 

_  _  _  .  | 
with  moans  C p ,  u,  v),  standard  deviations  (sp,  su,  By), 
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Figure  3.  Coefficients  of  variation  (100  sd/mean)  around  January  and  July  means. 
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No.  41.  The  Silent  Area  Forecasting  Problem  {/),  If.  K.  I lidger,  Jr.,  May  1953.  (SECRET  Report) 

No.  42.  An  Analysis  of  the  Contrail  Problem  (U),  R.  A.  Craig,  Jim  1953.  (CONFIUEM'IAL  Report) 

No.  43.  Sodium  in  the  Upper  Atmosphere,  L.  E.  Miller,  Jvn  1953. 

No.  44.  Silver  Iodide  Diffusion  Experiments  Conducted  at  Camp  Wellfleet,  Mass.,  During  July-August 
1952,  P.  Goldberg  el  al,  Jun  1953. 

No.  45,  The  Vertical  Distribution  of  Water  V  por  in  the  Stratosphere  and  the  Upper  Atmosphere,  L.  E. 
Miller,  Sep  1953. 

No.  46.  Operation  IVY  P.roject  6.11.  (Final  Report).  Free  Air  Atomic  Blast  Pressure  and  Thermal 
Measurements  (V),  N.  A.  Haskell,  J.  0.  Vann  and  P.  R.  Gast,  Sep  1953  (SECRET/RE¬ 
STRICTED  DATA  Report) 

No.  47.  Critical  Envelope  Study  foi  .i  t  !>dl-A  ill),  N.  A.  Haskell,  R.  M.  Chapman  and  M.  H.  Seavey, 
Sep  1953.  (SECRET  Report ) 

No.  48.  Operation  (Jpshot-Knothole  Project  1.3.  free  Air  Atomic  Blast  Pressure  Measurements.  Re¬ 
vised  Report  (V),  N.  A.  Haskell  and  R.  M.  Brubaker,  Nov  1953.  (SECRET/RESTRICTED 
DATA  Report) 

No.  49.  Maximum  Humidity  in  Engineering  Design,  N.  Sissenwlne,  Oct  1953. 

No.  50.  Probable  Ice  Island  Locations  in  the  Arctic  Basin,  January  1954,  A.  P.  CraYy  and  1.  3rowne, 
May  1954. 

No.  51.  Investigation  of  TRAC  for  Active  Air  Defense  Purposes  (U),  G.  If.  Wares,  R.  Penndorf,  V.  G. 
Plank  and  B.  H.  Grossman,  Dec  1*53.  (SECRET/RESTRICTED  DATA  Report) 

No.  52.  Radio  Noise  Emissions  During  Thermonuclear  Reactions  (U),  T.  J.  Keneshea,  Jun  1954. 
(CONFIDENTIAL  Report) 

No.  53.  A  Method  of  Correcting  Tabulated  Rawinsonde  Wind  Speeds  for  Curvature  ot  the  Earth,  R. 
Leviton,  Jun  1954. 

No.  54.  A  Proposed  Radar  Storm  Warning  Service  For  Army  Combat  Operations,  M.  G.  H.  Ligda,  Aug 
1954. 

No.  55.  A  Comparison  of  Altitude  Corrections  for  Blast  Overpressure  (V),  N.  A.  Haskell,  Sep  1954. 
(SECRET  Report) 

No.  56.  Attenuating  Effects  of  A'.mospherie  Liquid  Water  on  Peak  Overpressures  from  Blast  Waves  ( V ), 

H.  P.  Gauvin,  J.  H.  Hetily  and  M.  A.  Bennett,  Oct  1954.  (SECRET  Report) 
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No.  57.  Windspeed  Profile,  Windshear,  and  Gusts  for  Design  of  Guidance  Systems  for  Vertical  Rising 
Air  Vehicles,  N.  Sissenwine,  Nov  1954. 

No.  58.  The  Suppression  of  Aircraft  Exhaust  Trails,  C.  E.  Anderson,  Nov  1954. 

No.  59.  Preliminary  Report  on  the  Attenuation  of  Thermal  Radiation  From  Atomic  or  Thermonuclear 

Weapons  (V),  R.  M.  Chapman  and  M.  H.  SeavcyyNov  1954.  (SECRET /RESTRICTED  DATA  Re¬ 
port) 

No.  60.  Height  Errors  in  a  Rawin  System,  R.  Leviton,  Dec  1954. 

No.  61.  Meteorological  Aspects  of  Constant  Level  Balloon  Operations  (V),  IF.  K,  IFtrfger,  ]r.  et  al,  Dec 

1954.  (SECRET  Report ) 

No.  62.  Variations  in  Geometric  Height  of  80  to  60  Thousand  Foot  Pressure-Altitudes  (V),  N. 
Sissenwine,  A.  E.  Cole  and  IF.  Baginsky,  Dec  1954.  (CONFIDENTIAL  Report ) 

No.  63.  Review  of  Time  and  Space  Wind  Fluctuations  Applicable  to  Conventional  Ballistic  Deter¬ 
minations,  IF.  Baginsky,  N.  Sissenwine,  B.  Davidson  and  H.  Lettau,  Dec  1954. 

No.  64.  Cloudiness  Above  20,000  Feet  for  Certain  Stellar  Navigation  Problems  (U),  A.  E.  Cole,  Jan 

195 5.  (SECRET  Report ) 

No.  65.  The  Feasibility  of  the  Identification  of  Hail  and  Severe  Storms,  D.  Atlas  and  R.  Donaldson, 

Jan  1955. 

No.  66.  Rate  of  Rainfall  Frequencies  Over  Selected  Air  Routes  and  Destinations  (D),  A.  E.  Cole  and 
N.  Sissenwine,  Mar  195 5.  (SECRET  Report ) 

No.  67.  Some  Considerations  on  the  Modeling  of  Cratering  Phenomena  in  F.arthff/A  N.  A.  Haskell,  Apr 
1955.  (SECRET/ RESTRICTED  DATA  Report) 

No.  68.  The  Preparation  of  Exu  ded  Forecasts  of  the  Pressure  Height  Distribution  in  the  Free  Atmos¬ 
phere  Over  North  America  by  Use  of  Empirical  Influence  Functions,  R.  M.  White,  May  195 5. 

No.  69.  Cold  Weather  Effect  <-.•  3-62  Launching  Personnel  (V),  N.  Sissenwine,  Jun  1955.  (SECRET  Re¬ 
port) 

No.  70.  Atmospheric  Pressure  Pulse  Measurements,  Operation  Castle  (U),  E.  A.  Fluuraud,  Aug  1955. 
(SECRE T/RES T RIC TED  DATA  Report) 

No.  71.  Refraction  of  Shock  Waves  in  the  Atmosphere  (V),  N.  A.  Haskell,  Aug  1955  (SECRET  Report) 
No.  72.  Wind  Variability  as  a  Function  of  Tims  atMuroc,  California,  B.  Singer,  Sep  1955. 

No.  73.  The  Atmosphere,  N.  C.  Gerson,  Sep  1955. 

No.  74.  Areal  Variation  of  Ceiling  Height  (U),  W,  Baginsky  and  A.  E.  Cole,  Oct  1955.  (CONFIDENTIAL 
Report ) 

No.  75.  An  Objective  System  lor  Preparing  Operational  Weather  Forecasts,  /.  A.  Lund  and  E.  IF,  Wahl, 
Nov  1955. 

No.  76.  The  Practical  Aspects  of  Tropical  Meteorology,  C.  E.  Palmer,  C.  W.  Wise,  L.  J.  Stempson  and 

G.  H.  Duncan,  Sep  1955. 

No.  77.  Remote  Determination  of  Soil  Trafficability  by  Aerial  Penetrometer,  C.  Molineux,  Oct  1955. 

No.  78.  Effects  of  the  Primary  Cosmic  Radiation  on  Matter,  H.  O.  Curtis,  Jan  1956. 

No.  79.  Tropospheric  Variations  of  Refractive  Index  ai  Microwave  Frequencies,  C.  F.  Campen  and  A.  E. 
Cole,  Oct  1955. 

No.  80.  A  Program  to  Test  Skill  in  Terminal  Forecasting,  /.  1.  Gringorten,  1.  A,  Lund  and  M.  A.  Miller, 
Jun  1955. 

No.  81.  Extreme  Atmospheres  and  Ballistic  Densities,  N.  Sissenwine  and  A.  E.  Cole,  Jul  1955. 

No.  82.  Rotational  Frequencies  and  Absorption  Coefficients  of  Atmospheric  Gases,  5.  N,  Ghosh  and 

H.  D.  Edwards,  Mar  1956. 

No.  83.  Ionospheric  Effects  on  Positioning  of  Vehicles  at  High  Altitudes,  IF.  Pfister  and  T.  J. 
Kcneshea,  Mar  1956. 

No.  84.  Pre-Trough  Winter  Precipitation  Forecasting,  P.  IF.  Funke,  Feb  1957. 
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vi.  85..  Geomagnetic  Field  Extrapolation  Techniques  -  An  Evaluation  of  the  Poisson  Integral  for  a 
Plane  { V ),  J.  F.  McClay  and  P.  Fougere,  Feb  1957.  (SECRET  Report ) 

No.  86.  The  ARDC  Model  Atmosphere,  1956,  R.  A.  Minzner  and  if.  S.  Ripley,  Dec  1956. 

No.  87.  An  Estimate  of  the  Maximum  Range  of  Detectability  of  Seismic  Signals,  N.  A.  Haskell,  Mar 
1957. 

No.  88.  Some  Concepts  for  Predicting  Nuclear  Crater  Size  (U),  F.  A.  Crowley,  Feb  1957.  ( SECRET / 
RESTRICTED  DATA  Report) 

No.  89.  Upper  Wind  Representation  and  Flight  Planning,  I.  /.  Gringorten,  Mar  1957 . 

No.  90.  Reflection  of  Point  Source  Radiation  From  a  Lambert  Plane  Onto  a  Plane  Receiver,  A.  If. 

Guess,  Jul  1957. 

No.  91.  The  Variations  of  Atmospheric  Transmissivity  and  Cloud  Height  at  Newark,  if.  0.  Haig,  and 
IF.  C.  Morton,  ill,  Jan  1958. 

No.  92.  Collection  of  Aeromagnetic  Information  For  Guidance  and  Navigation  (V),  R.  Hutchinson,  H. 
Shuman,  R.  Brereton  and  J.  McClay,  Aug  1957.  (SECRET  Report) 

No.  93.  The  Accuracy  of  Wind  Determination  From  the  Track  of  a  Falling  Object,  V.  tally  and  R. 

Leviton,  Mar  1958. 

No.  94.  Estimating  Soil  Moisture  and  Tractionability  Conditions  for  Strategic  Planning  (U),  Part  1  - 
General  method,  and  Part  2  -  Applications  and  interpretations,  C.  If.  Thomthuiaite,  J.  R. 

Mother,  D.  B.  Carter  and  C.  E.  Molineux,  Mar  1958  ( Unclassified  Report),  Part  3  -  Average 
soi’  moisture  and  tractionability  conditions  in  Poland  (U),  D.  B.  Carter  and  C..  E.  Molineux,  Aug 
1958  (CONFIDENTIAL  Report).  Part  4  *  Average  soil  moisture  and  tractionability  conditions 
in  Yugoslavia  (U),  D.  B.  Carter  and  C.  E.  Molineux,  Mar-1959  (CONFIDENTIAL  Report) 

No.  95.  Wind  Speeds  at  50,000  to  100,000  Feet  and  a  Related  Balloon  Platform  Design  Problem  (U),  N. 
Dvoskin  and  N.  Sissenwine,  Jul  1957.  (SECRET  Report) 

No.  96.  Development  of  Missile  Design  Wind  Profiles  for  Patrick  AFB,  N.  Sissenwine,  Mar  1958. 

No.  97.  Cloud  Base  Detection  by  Airborne  Radar,  R.  J.  Donaldson,  Jr,,  Mar  1958. 

No.  98.  Mean  Free  Air  Gravity  Anomalies,  Geoid  Contour  Curves,  and  the  Average  Deflections  of  the 

Vertical  (U),  if.  A.  Heiskanen,  U.  A.  Uolila  and  O.  if.  Williams,  Mar  1958.  (CONFIDENTIAL  Re¬ 
port) 

No.  99.  Evaluation  of  AN/GMD-2  Wind  Shear  Data  for  Development  of  Missile  Design  Criteria,  N. 

Dvoskin  and  N.  Sissenwine,  Apr  1958. 

No.100.  A  Phenomenological  Theory  of  the  Scaling  of  Fireball  Minimum  Radiant  Intensity  with  Yield  and 
Altitude  (U),  11.  K.  Sen,  Apr  1958.  (SECRET  Report) 

No. 101.  Evaluation  of  Satellite  Observing  Network  for  Project  “Space  Track”,  G.  R.  M iczaika  and  II.  O. 
Curtis,  Jun  1958. 

No. 102.  An  Operational  System  to  Measure,  Cumpute,  and  Present  Approach  Visibility  Information,  T.  0. 
Haig  and  If.  C.  Morton,  III,  Jun  1958. 

No. 103.  Hazards  of  Lightning  Discharge  to  Aircraft,  G.  A.  Faucher  and  11.  0.  Curtis,  Aug  1958. 

No. 104.  Contrail  Prediction  and  Prevention  (11),  C.  S.  Downie,  C.  E.  Anderson,  S.  J.  Birstein  and  B.  A. 
Silverman,  Aug  1958.  (SECRET  Report) 

No. 105.  Methods  of  Artificial  Fog  Dispersal  and  Their  Evaluation,  C.  E.  Junge,  Sep  1958. 

No. 106.  Thermal  Techniques  for  Dissipating  Fog  From  Aircraft  Runways.  C.  S.  Downie  and  R.  B.  Smith, 
Sep  1958. 

No. 107.  Accuracy  of  RDF'  Position  Fixes  in  Tracking  Constant-Level  Balloons,  K.  C.  Giles  and  R.  E. 
Peterson,  edited  by  If.  K.  Widger,  Jr.,  Oct  1958. 

No.  108.  Thu  Effect  of  Wind  Errors  on  SAGE-Guided  Intercepts  (U),  E.  M.  Darling,  Jr.  and  C.  D.  Kern, 

Oct  1958  (CONFIDENTIAL  Report ) 

No. 109.  Behavior  of  Atmospheric  Density  Profiles,  N.  Sissenwine,  If.  S.  Ripley  and.  A.  E.  Cole,  Dec  1958. 
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No.110.  Magnetic  Determination  of  Space  Vehicle  Attitude  (V),  J.  F.  McClay  and  P •  F.  Fougere,  Mar 
1959.  ( SECRET  Report) 

No.lll.  Final  Report  on  Exhaust  Trail  Physics:  Project  7630,  Task  76308  (V),  M.  H.  McKenna,  and 
H.  0.  Curtis.  Jul  1959.  (SECRET  Report) 

No. 112,  Accuracy  of  Mean  Monthly  Geostrophic  Wind  Vectors  as  a  Function  of  Station  Network  Den* 
sity,  H.  A.  Salmela,  Jun  1959. 

No. 113.  An  Estimate  of  the  Strength  of  the  Acoustic  Signal  Generated  by  an  ICBM  Nose  Cone  Reentry 
(V).  N.  A.  Haskell,  Aug  1959.  (CONFIDENTIAL  Report) 

No.114.  The  Role  of  Radiation  in  Shock  Propagation  with  Applications  to  Altitude  and  Yield  Scaling  of 

Nuclear  Fireballs  (V),  H.  K.  Sen  and  A.  W.  Guess,  Sep  1959.  (SECRET /RESTRICTED  DATA  Report) 

No.  115.  ARDC  Model  Atmosphere,  1959,  R.  A.  Mmzner,  K.  S.  V.  Champion  and  H.  L.  Pond,  Aug  1959. 

No.116.  Refinements  in  Utilization  of  Contour  Charts  for  Climatically  Specified  Wind  Profiles,  A.  E. 
Cole,  Oct  1959. 

No.117.  Design  Wind  Profiles  From  Japanese  Relay  Sounding  Data,  N.  Sissenwine,  M .  T.  Mulkem, 
and  H.  A.  Salmela,  Dec  1959. 

No.118.  Military  Applications  of  Supercooled  Cloud  and  Fog  Dissipation,  C.  S.  Downie,  and  B.  A. 
Silverman,  Dec  1959. 

No.119.  Factor  Analysis  and  Stepwise  Regression  Applied  to  the  24*Hour  Prediction  of  500-mb  Winds, 
Temperatures,  and  Heights  Over  a  Silent  Area  (U),  E.  J.  Aubert,  l.  A.  Lund,  A.  Thomasell,  Jr., 
and  J.  J.  Pazniokas,  Feb  1960.  (CONFIDENTIAL  Report ) 

No.120.  An  Estimate  of  Precipitable  Water  Along  High»Altitude  Hay  Paths,  Murray  Gutnick,  Mar  1960. 


No.121.  Analyzing  and  Forecasting  Meteorological  Conditions  in  the  Upper  Troposphere  and  Lower 
Stratosphere,  R.  M.  Endlieh  and  G.  S.  McLean,  Apt  I960. 

No. 122.  Analysis  and  Prediction  of  the  50(Fmb  Surface  in  a  Silent  Area,  (U),  E.  A.  Aubert,  May  1960. 
(CONFIDENTIAL  Report), 

Nu.123.  A  Diffusion-Deposition  Model  f or  In-Flight  Release  of  Fission  Fragments,  M.  L.  Barad, 

D.  A.  Haugen,  and  J,  J,  Fuquay,  Jun  1960. 

No.124.  Research  and  Development  in  the  Field  of  Geodetic  Science,  C.  E.  Ewing,  Aug  1960. 

No. 125.  Extreme  Value  Statistics  •-  A  Method  of  Application,  I.  1.  Gringorten,  Jun  I960. 

No.  126.  Notes  on  the  Meteorology  of  the  Tropical  Pacific  and  Southeast  Asia,  V.  D.  Mount,  Jun  I960. 


No.  127.  Investigations  of  Ice-Free  Sites  for  Aircraft  Landings  in  East  Greenland,  1959,  J.H.  Hartshorn, 
G.  E.  Sioertz,  A,  N.  Rover,  and  S.  N.  Davis,  Sep  1961. 


No. 128.  Guide  for  Computation  of  Horizontal  Geodetic  Surveys,  //.  R.  Kahler  and  N,  A.  Roy,  Dec  I960. 
No. 129.  An  Investigation  of  a  Pcr-onially  Frozen  Lake,  D.  F,  Barnes,  Dec  1960. 


No. 130.  Analytic  Specification  of  Magnetic  Fields,  P.  F.  Fougere,  Dec  1960.  (CONFIDENTIAL  Report) 
No. 131.  An  Investigation  of  Symbol  Coding  for  Weather  Data  Transmission,  P.  I.  Hershberg,  Dec  I960. 


No. 132.  Evaluation  of  an  Arctic 
Polaris  Promontory,  No 


No.133.  Effectiveness  of  the  SAGE  System  in  Relation  to  W'inH  Forecast  Capability  (U), 
E.  M.  Darling ,  Jr.,  and  Capt,  C.  D.  Kern,  May  1961.  (CONFIDENTIAL  Report) 


Mar  1961. 
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No.  134  Area-Dosage  Relationships  and  Time  of  Tracer  Arrival  in  the  Green  Glow  Program, 

IP.  P.  Elliott,  R.  J.  Engelmann,  P.  W.  Nichole,  May  1961. 

No.  135  Evaluation  of  Arctic  Ice-Free  Land  Sites  -  Kronprins  Christian  Land  and  Peary 
Land,  North  Greenland.  1960,  IP.  E.  Davies  and  D.  B.  Krinsley,  May  1961. 

No.  136  Missile  Borne  Radiometer  Measurements  of  the  Thermal  Emission  Characteristics  of 
ICBM  Plumes  (U),  R.  E.  Hunter  and  L.  P.  Marcotte,  lul  1961.  ( SECRET  Report) 

No.  137  Infrared  Studies  of  ICBM  Plumes  Using  Missile  -  Borne  Spectrometers  (V),  R.  E.  Hunter 
and  L.  P.  Marcotte,  Sep  1961.  (SECRET  Report). 

No.  138  Arctic  Terrain  Investigations  Centrum  Lake,  N  E  Greenland,  1960,  S.  M.  Needleman 
J  ul  1962. 

No.139  Space  and  Planetary  Environments,  S.  I.  Valley,  Editor,  Jan  196?. 

No.  140  Proceedings  of  Nulionul  Symposium  on  Winds  for  Aerospace  Vehicle  Design, 

N.  Sissenwine  and  II.  G.  Kasten,  Co-Chairmen,  Mar  1962. 

No.  141  Atlas  of  Monthly  Mean  Stratosphere  Charts,  1955-1959,  Vol.  I,  January  to  June, 

//.  S.  Muench  plfay  1962. 

No.  142  Infrured  Atmospheric  Transmissions:  Some  Papers  on  the  Solar  Spectrum  from  3  to  15 
Microns,  J.  N.  Howard  and  J.  S.  Caring,  Dec  1961. 

No.  143  AFCRL  Ballistic  Missile  Infrared  Measurements,  IRMP  59/60,  T.  P.  Condron, 

J.  J.  Lovett  and  R.  L.  Morgan,  June  1962. 

No.  144  Effective  Transmission  of  Thermal  Radiation  from  Nuclear  Detonations  in  Real  Atmos¬ 
pheres,  J.  P.  Cahill,  II.  P.  Gauvin  and  J.  C.  Johnson,  June  1962. 

No.  145  Summary  Report  -  Project  ICEWAY,  IP.  D.  Kingery,  Editor,  May  1962. 

No.  146  Silent  Area  Wind  for  USAF  Manned  Bombers  (U),  E.  M.  Darling,  Jr.,  Jul  1962  (SECRET 
Report). 

No.  147  Mean  Annual  Mid-Latitude  Moisture  Profiles  to  31  Km,  M.  Gutnick,  Jul  1962. 

No.  148  Spectral  and  Spatial  Measurements  of  Infrared  Radiation  (V),  L.  C.  block,  L,  P.  Marcotte 
and  C.  C.  Eerriso,  May  1962  (SEC RE  T  Report). 

No.  149  Infrared  Celestial  Backgrounds,  R.  C.  Walker,  Jul  1962. 

No.  150  Transmission  of  the  Atmosphere  in  the  Infrared,  A  Review,  /.  fj.  Howard  and  J.  S.  Garina, 
Jul  1962.  . 
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ERRATA 


The  following  corrections  apply  to  AFCRL  Research 
Report  82-815,  Air  Force  Surveys  In  Geophysics  No.  151, 
entitled  "Density  Distribution,  Interlevel  Correlations 
and  Variation  With  Wind"  and  dated  July  1962: 
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In  Table  1,  Density-wind  column,  add  'Feb  4B-D'»c  57'  for 
Great  Falls,  Montana  and  Man  48-Dec  57'  for  Washington,  D, 
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Line  4,  change  to  read  ' , . .  shown  in  Figure  1  (li-cutnd  after 
the  Appendices  on  page  109)  for  , , 
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